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ABSTRACT 
The interaction of Au particles with few layer graphene is of interest for the formation of the next generation of sensing 
devices 1. In this paper we investigate the coupling of single gold nanoparticles to a graphene sheet, and multiple gold 
nanoparticles with a graphene sheet using COMSOL Multiphysics. By using these simulations we are able to determine 
the electric field strength and associated hot-spots for various gold nanoparticle-graphene systems. The Au nanoparticles 
were modelled as 8 nm diameter spheres on 1.5 nm thick (5 layers) graphene, with properties of graphene obtained from 
the refractive index data of Weber 2 and the Au refractive index data from Palik 3. 
The field was incident along the plane of the sheet with polarisation tested for both s and p. The study showed strong 
localised interaction between the Au and graphene with limited spread; however the double particle case where the 
graphene sheet separated two Au nanoparticles showed distinct interaction between the particles and graphene. An offset 
was introduced (up to 4 nm) resulting in much reduced coupling between the opposed particles as the distance apart 
increased. Findings currently suggest that the graphene layer has limited interaction with incident fields with a single 
particle present whilst reducing the coupling region to a very fine area when opposing particles are involved. It is hoped 
that the results of this research will provide insight into graphene-plasmon interactions and spur the development of the 
next generation of sensing devices. 
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1. INTRODUCTION 
The discovery of graphene 4, 5 with its unique properties, both optical and electrical 6 has led to research into its many 
potential uses, such as in super capacitors, sensors, photovoltaics and related devices. As a sensor platform, its physical 
and chemical properties can be used, specifically the large available surface area for single layer systems allowing direct 
access to the carbon lattice 7.  For a plasmon or optical transparency-based sensor, its low loss 8 and strong confinement 
of electromagnetic energy 9 makes it ideal for SERS enhancement systems 10. These hybrid nanoparticle-graphene 
systems bring new functionalities but are still not completely understood. 
The overall objective of this paper was to simulate the interaction between Au nanoparticles (AuNP) and few layer 
graphene in order to gain a better understanding of the plasmon coupling interaction and also to determine where the 
hotspots, or regions of maximum coupling, form. The overall goal is to provide an indication of possible designs to 
improve the plasmon resonance and thus improve the viability of a few layer graphene sheet coated with AuNP as a 
sensing platform. The paper is structured as follows; In Section 2 we cover the model structure used and 
methods/software utilised, Section 3 discusses the results of our simulation and the conclusion is presented in Section 4. 
 
2. METHODS 
The interaction between AuNP and graphene was modelled using the COMSOL Multiphysics software package. The 
initial case was modelled using the frequency domain solver for a range between 450 nm to 700 nm, with a single 4 nm 
radius gold sphere on a 1.5 nm few-layer graphene (roughly equivalent to 5 sheets), modelled in an air filled region. The 
properties of gold were sourced from Palik 3 with the optical properties of graphene sourced from Weber 2. Due to the 
relative scales of the graphene sheet compared to the AuNP, it was treated as an infinite plane using Perfectly Matched 
Layers (PML) (Figure 1a). The extinction spectrum was calculated using the Stratton-Chu formulation 11. The direction 
of the incident wave was selected in order to determine interactions based on the system described by Rider et al 1. 
For the offset cases, a second 4 nm particle was introduced on the opposite side of the graphene layer and shifted in a 
single direction relative to the top particle up to 4 nm (Figure 1b). 
 
Figure 1. Single particle case (a) consists of a single AuNP on 1.5 nm thick few-layer graphene, with (b) representing the 
double particle case showing opposing particles. The opaque sphere represents the maximum offset value of 4 nm in the -x 
direction. Wave is incident from x with s polarisation (z axis). The 20 nm marker represents region of analysis for 
extinction spectrum. The y axis is directed into the page. 
3. RESULTS 
3.1 A comparison of the single and double particle case. 
The initial case of a single particle on few-layer graphene, saw an extinction peak generated by the single AuNP 
occuring at 527 nm, with the graphene having little impact on the extinction peak. Most of the interaction occurring is 
due to the AuNP as it has a higher response than the graphene. The addition of a second AuNP yielded a red-shifted peak 
of 560nm of much greater intensity. This is plotted out in Figure 2 and shows the peaks relative positions with intensities 
on different axes. 
 Figure 2. The higher intensity of the double particle case results from both the increased surface area due to two particles of 
equal size being present and the coupling between the two particles. The single particle has a much lower intensity overall 
which can be seen from the left hand axes. 
A field plot is shown in Figure 3, showing both the single and double particle cases. The second particle introduces 
coupling of great intensity through the sheet but over a very limited area (Figure 3a). This suggests that whilst the overall 
intensity of response can be increased by the addition of particles, the useful sensing area will be greatly reduced if 
relying on the graphene layer alone, a supposition supported by Rider et al 1. The presence of the AuNP results in 
hotspots however, which the dual particles enhance due to their coupling. 
 
Figure 3. The legend to the right of each EM field plot describes the intensity scale for the EM field. The numbers at the top 
and bottom of the graph, represent the maximum and minimum values of the data in V/m. (a) shows the field penetration into 
the graphene in the double particle case and demonstrates the coupling between the two Au particles. (b) demonstrates the 
limited interaction in the single particle case. 
Comparing the electromagnetic (EM) field profile of the single and double particle case, we see from Figure 3 that the 
EM field appears more diffuse in the graphene in the single particle case with limited penetration depth, but becomes 
more confined with the introduction of the second particle, likely as a result of the coupling interaction. With the single 
particle, we see that at the point of contact between the graphene and the AuNP, there is an intense field interaction for a 
short depth before diffusing out rapidly to a very low intensity, within 0.5 nm of the contact region. 
3.2 Double particle with offset in x direction. 
The offset itself is modelled to determine the influence that the coupling effect has on the overall intensity and peak 
location. Commonly, adjusting the size of the AuNP would shift the peak due to the surface area interaction with the 
incident wave (and changing the particle size increases the peak wavelength as it changes the plasmon resonance 
frequency), but in this case we have kept the particle size constant. In Section 3.1 we saw that the overall intensity 
increased with the introduction of the second particle, but the overall effect was confined to a region between the 
particles. Introducing an offset allowed us to see how much of an influence the coupling has on the peaks location 
(Figures 4 and 5) and its intensity. 
Initially, the 1 nm offset shows an increase in intensity, both in the EM field plot in Figure 5 and the extinction spectrum 
in Figure 4, with the peak still occurring around 560 nm as with the double particle case seen in Figure 2. As the offset is 
increased further, a blue shift occurs as well as a reduction in coupling field strength between the AuNPs. It can also be 
seen that as the offset increases, the penetration of the EM field into the few-layer graphene is over a broader area. The 
significance of this is whilst the coupling intensity is greatly reduced the further the particles are apart from each other, 
coupling still occurs, implying that in an ordered system of particles, we have some leeway.  
 
Figure 4. Comparison of extinction spectrum for offset cases with no offset representing the two particle without offset out to 
the 4 nm offset in the -x direction. As the offset increases past 1 nm, the peak blue shifts and the resultant intensity also 
decreases. The values for Δ1 shows the blue shift to be 19 nm with Δ2 showing the intensity to vary by 0.97 units. 
Figure 4 depicts the extinction peak and resultant intensity of the offset cases and more clearly shows the blue shift. The 
intensity decreases with increasing offset. This supports the idea that the coupling between particles plays a large part in 
the overall intensity of the hotspots and potentially the location of the peak. From the figure, we see that as the offset 
increases past 1 nm, the peak wavelength shifts up to 19 nm (Δ1) at the 4 nm offset with an intensity difference of 0.97 
units (Δ2). The coupling between the particles and the interaction with the graphene can be seen in Figure 5. 
 
Figure 5. (a) shows 1 nm offset in the negative x direction, with (b) displaying a 3 nm offset in the negative x direction. By 
comparison, it is clear that as the offset increases, the coupling between particles weakens considerably. As with Figure 3, the 
scale legends show the value of the field strength, with the numbers on top and below each EMF plot stating the maximum 
and minimum values respectively in V/m. 
In Figure 5, the 1 nm and 3 nm offsets are compared. The models showed that as the offset increased past 1 nm, our peak 
would blue shift, and we can see that the intensity of the coupling decreases. The 1 nm case showed a slight increase in 
intensity when compared to the no offset case which may be a result of an ideal separation distance between the 
particles, whilst still allowing direct coupling between the AuNP points of contact with the graphene. The increase is 
relatively small when the maximum values are compared (~105 V/m for the 1 nm offset and ~101 V/m for the non offset 
case), but does appear to result in a slightly more intense field at the contact point. This could potentially be due to the 
plasmon being directed more efficiently into the graphene and towards the opposing particle by the surface as it rises 
away, but more data is needed to confirm this. The 3 nm shift shows that this intense coupling no longer occurs and 
becomes an interaction with the weaker edge of the field incident in the graphene layers. This allows that for an ordered 
system, the particles do not need to be directly opposite and have some margin of error available and coupling will still 
occur. The closer the particles are to being in-line with each other however, the greater the intensity of the coupling 
interaction and resulting hotspot. 
In comparing these with the single particle case and the no offset (double particle) case, we saw that the field, whilst 
weak, does interact with the graphene over a larger area, though the greatest intensity still occurs where the AuNP comes 
into contact with the graphene. One avenue to consider then is the possible relationship between contact area and the 
field intensity over this area. This could lead to spreading the field through the graphene in a more homogenous manner. 
The lowered overall intensity of the field through various wavelengths however would result in smaller SERS peaks due 
to the relationship between EM field strength and the SERS signal 12. 
At 4 nm, the effect is much the same as at 3 nm, with coupling mostly due to the weaker “edge” region of the fields, 
further reinforcing that the contact edge/surface area, when aligned with its opposing particle, produces a higher response 
than situations where opposing particles are offset, and from here an investigation of hemispherical AuNP may help with 
determining this relationship, which will be the subject of future work. 
The above results were obtained using s polarisation. Recreating each situation with p polarisation gave identical results. 
4. CONCLUSIONS. 
From the simulations we have shown that direct coupling between graphene and the AuNP themselves is rather limited, 
with a single high intensity region existing at the contact point, but rapidly diffusing out. With the introduction of the 
opposing particle, the intensity increases approximately 3 times in comparison to the single particle case, with direct 
coupling between the particles playing a part in this. This suggests that for an ordered system, opposing particles when 
coupled can still give a relatively strong signal when interactions along the plane are not considered. An avenue of 
consideration would be to test multiple particles in a row and in columns to ascertain the strength of that interaction and 
potentially gain a qualitative perspective on coupling in the x/y dimensions (along the plane of the graphene) as opposed 
to just the interactions between particles on opposing sides of the sheet. 
The double particle interaction also showed a degree of field “confinement” between the opposing particles, with the 
field at its most intense at the contact region before rapidly diffusing. Whilst the field did penetrate into the graphene 
layers outside the particle radius, it was shown to be stronger in the region directly below the particles, possibly due to a 
plasmon coupling interaction between the AuNP and the graphene as well as in the air region beneath/above the curve of 
the AuNPs before rapidly dropping off to very low intensities. 
This confinement effect came into play in the offset particle cases as it could be seen that whilst the intensity of the 
response from the system decreased with increasing offset, the coupled field spread out over a larger area, spreading 
from the sides which did not have a region with a particle providing a directly opposing surface area. It can be seen from 
this that overall, coupling does occur but with lower intensity, however, the field spreads to a larger area. This could in 
turn allow for coupling over a larger region between particles arrayed in a row, and also shows that the system displays a 
tolerance for this offset with limited impact on the intensity of the peaks.  
Overall we see that hotspots form at the contact region between AuNPs and graphene and furthermore that having an 
opposing particle greatly amplifies the intensity of the formation of the hotspot. The hotspot is still observed at an offset 
of 1 nm, though slightly stretched until a more diffuse spread of the field occurs at greater offset amounts until at 3 nm 
when the hotspots are in a very limited area around the point of contact. For future work, we will look into the effects of 
the interactions between rows, columns and potentially, edges of the graphene and AuNP system. The heightened 
intensity at the 1 nm offset on the extinction spectrum may be a result of an ideal separation distance between the 
particles resulting in a heightened response or the plasmon being directed more efficiently into the opposing particle. 
Hemispheres (ideal and otherwise) may also provide insight into the effect contact surface area has on the system, either 
to increase the size of the hotspot by spreading the field further through the graphene, or to increase the overall intensity 
of the field inside the graphene and the system as a whole. This could lead to more sensitive sensors whilst also 
providing a greater understanding of graphene plasmon interactions. 
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